Working at thermophilic conditions instead of mesophilic, and also the addition of a co-substrate, are both the ways to intend to improve the anaerobic digestion of the source-collected organic fraction of municipal solid wastes (SC-OFMSW). Addition of sewage treatment plant fat, oil and grease wastes (STP-FOGW), that are nowadays sent to landfill, would represent an opportunity to recover a wasted methane potential and, moreover, improve the whole process. In this study, after a first period feeding only SC-OFMSW, a co-digestion step was performed maintaining thermophilic conditions. During the co-digestion period enhancements in biogas production (52%) and methane yield (36%) were achieved. In addition, monitoring of microbial structure by using PCR-DGGE and cloning techniques showed that bacterial community profiles clustered in two distinct groups, before and after the extended contact with STP-FOGW, being more affected by the STP-FOGW addition than the archaeal one.
Introduction
Since the early 2000 the number of thermophilic anaerobic digestion plants treating organic wastes has increased significantly in Europe. During previous years, mesophilic processes appeared to be more stable than thermophilic ones, and operational problems, or even process failures, were noticed in lab-scale and full-scale plants when working at 55°C (De Baere and Mattheeuws, 2010) . However, throughout recent years, positive results in thermophilic anaerobic treatment of organic wastes are extensively reported in literature and main advantages of thermophilic conditions in comparison to mesophilic ones are emphasized: efficiency to treat higher loads of waste in less time; increasing of biogas production and also higher destruction of pathogenic microorganisms, that lead to a better hygienisation of solid waste material for its use on land (Ferrer et al., 2010; Kim et al., 2002) .
Besides working at thermophilic temperatures, addition of co-substrates could also improve the biogas production, and even the methane yield, of a traditional anaerobic digestion process of organic wastes (Cavinato et al., 2010; Hartmann and Ahring, 2005) . Actually, some biogas plants based on co-digestion concepts are nowadays searching for wastes with higher biogas potentials. Hence, lipid-rich wastes or fat, oil and grease wastes (FOGW) stand out as a substrate of great interest due to its high theoretical methane yield .
FOGW from sewage treatment plants (STP-FOGW) are an example of complex fat-containing wastes that, among others, could represent an opportunity to expand the range of suitable substrates in the co-digestion field. They are commonly separated in the skimming tanks, at the first stage of the STP and, nowadays, its ensuing treatments are incineration and/or landfill disposal.
Anaerobic treatment of fat-containing wastes presents important challenges related to inhibition episodes due to long chain fatty acids (LCFA) content, or flotation/wash out problems (Alves et al., 2001; Hwu et al., 1998) . Nevertheless, inhibition is, in some conditions, a reversible phenomenon (Pereira et al., 2004) , and successful experiments are reported at mesophilic ) and thermophilic temperatures (Creamer et al., 2010) . Thermophilic conditions can increase the solubility of FOG wastes and, as a consequence, enhance its biodegradability (Creamer et al., 2010) . Therefore, it seems clear that co-digestion of high-fat containing wastes with other biodegradable wastes, such as organic fraction of municipal solid wastes (OFMSW), would be a promising method and an opportunity that needs further investigations. The study of microbial communities represents another growing area of research in the field of anaerobic digestion. It is well known that, a deeper knowledge in microbial dynamics, would provide information in order to, for example, predict system performance under a given set of conditions, or design engineered systems to foster the development of specific communities (Briones and Raskin, 2003) . In fact, the lack of more information regarding to differences between mesophilic and thermophilic active microbial populations has been pointed out as the main reason for several unsuccessful experiences (Ahring et al., 2002) .
Focusing on lipid-rich wastes degradation processes, several works dealing with microbial populations have been published (Palatsi et al., 2010; Pereira et al., 2002b; Sousa et al., 2007) and, more specifically, works dealing with thermophilic anaerobic digestion of organic wastes that study shifts in microbial populations linked to reactor performances (Goberna et al., 2009; Weiss et al., 2008) . However, to our knowledge, fewer efforts have been made in the field of thermophilic co-digestion of organic wastes with STP-FOGW.
The purpose of this work was to evaluate the effect of using STP-FOGW as a co-substrate in a thermophilic anaerobic digestion process of source-collected organic fraction of municipal solid wastes (SC-OFMSW). Therefore, two different stages were defined: first, the single-substrate stage when only SC-OFMSW was fed to the reactor and, afterwards, the co-digestion stage, when STP-FOGW was added. The whole experiment involved the study of the reactor performance, in terms of different process parameters, and also the microbial community monitoring by using PCR-DGGE, cloning and sequencing techniques.
Methods

Experimental set-up
Anaerobic co-digestion was carried out in a 5 L glass jacketed reactor connected to a thermostatic bath through which the temperature was controlled in order to maintain thermophilic conditions (55°C). A detailed description of the experimental system can be found elsewhere (Martín-González et al., 2010) .
Inoculum and substrates
Digested effluent from a thermophilic anaerobic reactor treating OFMSW and diatomaceous earth waste, from a biomethanisation and composting plant located in Terrassa (Barcelona), was used as inoculum. Total solids (TS) and volatile solids (VS) of the original sample were 275 and 110 g kg À1 , respectively. Since the experiment was carried out at wet conditions, the original sample was diluted with tap water to reach 65.6 and 28.8 g kg
À1
, TS and VS, respectively. No volatile fatty acids (VFA) were detected.
STP-FOGW was collected from the primary skimmer of the Granollers STP (Catalunya, Spain) and was stored at À18°C until use. SC-OFMSW was obtained from the municipal solid waste treatment plant Ecoparc II, in Montcada i Reixac (Catalunya, Spain) and, afterwards, it was ground and stored at À18°C until use. Main characteristics of both substrates are shown in Table 1 .
Experimental procedure and reactor operation
The reactor was fed once a day, always following the same extraction/feed routine: first the established volume was extracted with a vacuum pump connected to a vessel also linked to the outlet tube, and then, straight afterwards, feed was added through the inlet channel. During the co-digestion stage, STP-FOGW and SC-OFMSW were mixed before feeding the reactor, since it is important to disperse the lipids in order to avoid its propensity to form floating aggregates.
Prior to the start of the current study, the thermophilic anaerobic reactor was inoculated and, after 2 days of acclimation without feeding, the reactor started to treat SC-OFMSW. During almost a month, the reactor showed a stable performance working at an organic loading rate (OLR) of 5.3 kg VS m À3 d
À1
. The TS feed content was then 14% and the flow rate was fixed around 200 mL d À1 , corresponding to a hydraulic retention time (HRT) of 25 d (data not shown). In order to develop the present experiment at wet conditions, on day 0, TS feed content was set at 7%, flow rate was increased until 310 mL min À1 and, therefore, OLR and HRT were established at 4.3 kg VS m À3 d À1 and 16 d, respectively. The present study lasted almost 7 months (0-193 days) and two main stages can be defined: between days 0-62 the single-substrate stage (corresponding to Period I on Table 2 ) was performed when only SC-OFMSW was fed to the reactor, maintaining the aforementioned operational conditions. Next, the co-digestion stage started on day 63 when STP-FOGW was added to SC-OFMSW in a ratio of 1:6 (VS:VS) and, as a consequence of the addition, OLR slightly increased to 5 kg VS m Mean values of process parameters were used to describe Periods I and II in terms of reactor performance (Table 2 ), but only values accomplishing the following stability criteria were considered: one HRT had to be accounted for and variations in the main process parameters (VS reduction, biogas production and VFA) had to be lower than 10%. Period III was considered too short to calculate reliable average values. In addition, samples for molecular analysis were collected for further microbial study during Periods I, II and III.
Routine analysis
TS, VS and total Kjeldahl nitrogen (TKN) were determined according to Standard Methods (APHA et al., 1999) . Total organic carbon (TOC) content was determined using a commercial solids TOC analyzer (Solids TOC Analyzer, O I Analytical, USA).
VFAs (acetic, propionic, butyric, valeric and n-valeric acids) were determined by gas chromatography in a Hewlett Packard Chromatograph (HP 5890) equipped with a flame ionization detector (FID) and a Teknocroma (25% NPGA, 2% H 3 PO 4 ) 2.7 m Â 1/8'' column. Nitrogen was the carrier gas at 230 kPa, and the oven, injector and detector temperatures were 130, 250 and 260°C, respectively. Samples were previously centrifuged (30 min, 13,500 rpm, Beckman), filtered (0.45 lm, Millipore) and then mixed (1:1, v/v) with a 0.2% pivalic acid solution as an internal Myristic acid 2.7 ± 0.3 0.57 ± 0.12 Palmitic acid 18 ± 4 9 ± 3 Oleic acid 9 ± 1 7 ± 4 Stearic acid 7 ± 1 9 ± 3 standard. A total sample volume of 1 lL was used for chromatography. The detection range was from 0.5 to 8 g L À1 . Methane and carbon dioxide content in the biogas were analyzed by means of a Hewlett Packard Chromatograph (HP 5890) equipped with a thermal conductivity detector (TCD) and a Supelco Porapack Q (250°C) 3 m Â 1/8'' column. Helium was the carrier gas at 338 kPa, and the oven, injector and detector temperatures were 70, 150 and 180°C, respectively. A total sample volume of 100 lL was used for chromatography.
Total FOG content (lipids and also free LCFA) of dried samples (105°C, 24 h) was determined gravimetrically after extraction with n-heptane (99% purity, Panreac, Spain) as organic solvent. FOG extraction was performed in commercial Soxhlet extraction equipment (Extraction system B-811, Büchi, Switzerland).
Free LCFA (myristic, palmitic, oleic and stearic) concentrations were determined by gas chromatography after the total extracted FOG was redissolved with heating in a known n-heptane volume and then filtered (0.45 lm, Millipore). A Hewlett Packard Chromatograph (HP 6890) equipped with a flame ionization detector (FID) and a HP-Innowax (30 m Â 0.25 mm) column was used. The carrier gas was Helium (500 kPa) with a split ratio of 15 (column flow: 5 mL min À1 ). An initial oven temperature of 260°C was maintained for 3 min, then increased to 270°C at 10°C min À1 and maintained at this temperature for 1 min. Injector and detector temperatures were 250 and 280°C, respectively. The system was calibrated with commercial solutions (Sigma-Aldrich) of the above mentioned free LCFA within the range of 50 to 1000 mg L À1 .
A total volume of 5 lL was used.
2.5. Microbial community analysis 2.5.1. Sludge sampling and DNA extraction Well-homogenized sludge samples were withdrawn from the reactor on days 58, 63, 67, 122, 165 and 178 and stored at À20°C until use. Total genomic DNA was extracted from approximately 500 lL of sample using the Fast DNA Ò Spin kit for soil (MP Biomedicals, USA) in accordance with the manufacturer's instructions. Extracted DNA was maintained at À20°C and used as a template for polymerase chain reaction (PCR-DGGE) amplification.
PCR amplification
Microbial 16S rRNA genes were amplified from total genomic DNA using a Taq DNA polymerase kit (Invitrogen, Carlsbad, CA USA). PCR amplification was performed in reaction mixture DNA. All primers used were synthesised by Invitrogen. Complete bacterial and archaeal 16S rRNA genes were amplified for cloning and sequencing by using the forward primers Bact27-f (5 0 -GTT TGA TCC TGG CTC AG-3 0 ) (Weisburg et al., 1991) and Arch109-f (5 0 -ACK GCT CAG TAA CAC GT-3 0 ) (Grosskopf et al., 1998) , respectively, and the universal reverse primer Uni1492-r (5 0 -CGG CTA CCT TGT TAC GAC-3 0 ) (Weisburg et al., 1991) . The thermocycling program used for amplification was: 95°C for 2 min; 95°C for 30 s, 52°C for 40 s and 72°C for 90 s (30 cycles) and 72°C for 5 min. The reactions were finished by decreasing temperature to 4°C. Regarding DGGE analysis, PCR products were amplified using bacterial 16S rRNA gene primers U968-f (5 0 -GCA CAA GCG GTG GAG CAT GTG G-3 0 ) and L1401-r (Nübel et al., 1996) , and archaeal 16S rRNA gene primers A109(T)-f (5 0 -ACT GCT CAG TAA CAC GT-3 0 ) (original Grosskopf et al., 1998 , third nucleotide changed into T only, Hans G.H.J. Heilig personal communication) and 515-r (5 0 -ATC GTA TTA CCG CGG CTG CTG GCA-3 0 ) (Weisburg et al., 1991) for amplification of the V6-V8 bacterial region and the archaeal V2-V3 region, respectively. A 40-base GC clamp (CGC CCG GGG CGC GCC CCG GGC GGG GCG GGG GCA CGG GGG G) was attached to the primers at the 5 0 end. The program used for amplification was as described above but with 35 cycles and an annealing temperature of 56°C for the primer pair U968GC-f/ L1401-r. The size and amount of PCR products were estimated by electrophoresis in a 1% agarose gel (wt/vol), using a 100 bp DNA ladder (MBI Fermentas, Vilnius, Lithuania) followed by ethidium bromide staining.
DGGE analysis of amplified 16S rRNA genes
DGGE analysis of the PCR products was performed by using the DCode system (Bio-Rad, Hercules, CA, USA). Gels containing 8% (wt/vol) polyacrylamide (37.5:1 acrylamide/bis-acrylamide) were used with a denaturing gradient of 30-60% for Bacteria and 30-50% for Archaea, with 100% of denaturant corresponding to 7 M urea and 40% (vol/vol) formamide. Electrophoresis was performed for 16 h at 85 V in a 0.5Â TAE buffer at 60°C. DGGE gels were stained with silver nitrate, scanned in an Epson Perfection V750 PRO (Epson, USA) and obtained images imported into the Bionumerics 5.0 software package (Applied Maths, Belgium) for analyses. After image normalization, bands were defined for each sample using the bands search algorithm within the program. Similarity indices (Si) of the compared profiles were calculated from the densitometric curves of the scanned DGGE profiles by using the Pearson product-moment correlation. Community shifts were described as changes in the DGGE profiles of the partial 16S rDNA amplicons. Clustering of patterns was calculated using the unweighted-pair group method using arithmetic mean (UPGMA).
Cloning and sequencing of microbial 16S rDNA
Almost-full-length 16S rRNA gene fragments previously amplified by PCR using the primer pairs Arch109f/Uni1492r and Bact27f/ Uni1492r were purified using the PCR clean up kit NucleoSpin Extract II (Macherey-Nagel, Germany). These fragments were incorporated into a pGEM-T vector using the pGEM Easy Vector Systems kit (Promega, Madison, WI, USA). The vector was inserted into Escherichia coli competent cells (Lucigen Ò Corporation), according to the manufacturer's instructions. Positive transformants were selected and grown in LB media supplemented with ampicillin. Insert size was confirmed by PCR amplification with the pGEM-T-specific primers PG1-f (5 0 -TGG CGG CCG CGG GAA TTC-3 0 ) and PG2-r (5 0 -GGC CGC GAA TTC ACT AGT G-3 0 ). Clones with the correct fragment size were selected and screened by . The restriction fragments were analyzed by electrophoresis in a 12% Poly (NAT) Wide-Mini S-4Â25 Ready-touse gels (Elchrom Scientific) and visualized with ethidium bromide. Inserts with different ARDRA patterns were compared in DGGE with the band-pattern of the sludge and the ones matching bands in the total community profile further purified (Nucleo Spin Extract II kit) and subjected to DNA sequence analysis. Unique inserts were bidirectionally sequenced with pGEM-T vector-targeted sequencing primers Sp6 (5 0 -GAT TTA GGT GAC ACT ATA G-3 0 ) and T7 (5 0 -TAA TAC GAC TCA CTA TAG GG-3 0 ) at BIOPREMIER (Lisboa, Portugal).
Phylogenetic analysis
Partial sequences were assembled by using the CONTIG ASSEMBLY PROGRAM (CAP) application included in the BioEdit v7.0.9 software package (Hall, 1999) . Consensus sequences were checked for potential chimera artifacts by the Bellerophon program (http://foo.maths.uq.edu.au/~huber/bellerophon.pl) and sequences determined to be chimeras were removed from further analysis. Sequence similarity for the 16S rRNA gene sequences was analyzed by using the NCBI BLAST search program at http://www.ncbi.nlm. nih.gov/BLAST within the GenBank database.
Results and discussion
Reactor performance
The current experiment lasted 193 days and the whole reactor performance is presented in Fig. 1 . Operational conditions and mean values of several process parameters are also summarized in Table 2 .
3.1.1. Single-substrate stage (SC-OFMSW)-Period I During Period I (days 0-62) OLR and HRT were fixed around 4.3 kg VS m À3 d À1 (TS feed content was 7%) and 16 d, respectively, and the addition of SC-OFMSW meant a total FOG feed content around 17% in TS influent (dry, w/w). Throughout the whole single-substrate stage, reactor performance was stable since no significant fluctuation in biogas production occurred and VFA values were always under 0.5 g L À1 . Low VS removal (around 58%) noticed at the beginning of the stage was a consequence of the immediate preceding operational conditions, since previous TS feed content was 14%. In fact, VS destruction increased gradually, achieving an average value around 70% (Table 2) . Mean values for biogas production and methane content in biogas were 11 L d À1 and 68%, respectively, which led to a methane yield value of 0:36 L g VS ; HRT = 13.5 d). However, in the same work, a methane yield of 0.46 L CH 4 g VS À1 was achieved, which is noticeable higher than the one obtained in the present study. Also working at 55°C and maintaining similar operational conditions, Davidsson et al. (2007) obtained a methane yield of 300-400 Nm 3 ton VS
À1
added and a VS removal around 80%, showing once more that methane yield obtained for SC-OFMSW (317 Nm 3 ton VS À1 added ) in the present work is in the lower range of reported values. These differences should be a consequence of the different origins of SC-OFMSW, indicating that SC-OFMSW used in our work must have a higher content of poorly or non biodegradable material (Mata-Álvarez et al., 1992) .
Besides, a comparison between the presented results and the ones obtained in a previous mesophilic experiment carried out in our research group, using the same substrates, is possible since identical operational conditions were established (Martín-González et al., 2010). As expected, thermophilic results obtained during the single-substrate stage revealed improvements in biogas production (42%), methane yield (50%) and also VS reduction values (6%).
FOG content in the effluent, measured from day 38 to day 62, showed oscillations between 6% and 9% (dry, w/w) (Fig. 1) , indicating an average value of total FOG removal around 83%. Palmitic acid was the most abundant free LCFA contained in such FOG samples, followed by oleic and stearic (myristic acid was not detected), and their mean values were, respectively, 2.6, 1 and 0.8 mg g TS À1 . Since SC-OFMSW contain a certain amount of lipids (Table 1) these results, as well as the ones obtained during Period II that will be discussed further, are in accordance with previous works (Lalman and Bagley, 2001; Pereira et al., 2002a) , that reported accumulations of palmitic acid in LCFA degradation processes and suggested that it would be the main intermediate from the conversion of other LCFA, such as oleic or stearic; all of them primarily contained in both SC-OFMSW and STP-FOGW (Table 1) .
Co-digestion stage (SC-OFMSW with STP-FOGW)-Period II and Period III
Period II started on day 63 when STP-FOGW were added to SC-OFMSW and fed to the reactor in a 1:6 ratio (VS:VS), which meant 0:7 g VS STP-FOGW L À1 reactor (STP-FOGW represented 15% of total influent TS and VS). As a consequence of the addition, total FOG feed content increased from 17% to 22% (dry, w/w) and also OLR and HRT were slightly modified (Table 2) .
Right after the beginning of Period II, biogas production increased sharply, achieving 14 L d À1 on day 67 (Fig. 1) , which led to an initial slight improvement of methane yield (0:39 L CH 4 g VS Hence, no symptoms of inhibition such as VFA accumulation or decrease in biogas production were observed immediately after feeding STP-FOGW to the reactor; on the contrary, a clear positive effect was noticed.
Further, during days 71 and 72, short but severe drops in the reactor temperature (reaching 30°C for few minutes) occurred as a consequence of operational problems. As a result, both biogas production and methane yield fell at once, registering the lowest values thus far. A decrease in VS removal (56%) was also noticed later, on day 81, but, concomitantly, biogas production was yet starting to recover. Moreover, in spite the sudden temperature shocks and its aforementioned consequences, VFA remained under 0.5 g L À1 , showing that methanogenic population was not seriously affected. Reactor recovery, in terms of methane yield and VS reduction, was observed soon: around day 88, mean values (calculated on a week basis) were, respectively, 0:51 L CH 4 g VS ) as a consequence of STP-FOGW addition, since no other significant operational changes were applied. Again, when comparing results of the current Period II, with the identical mesophilic period performed in a previous experiment (Martín-González et al., 2010) , improvements with regard to biogas production (25%), methane yield (40%) and VS removal (12%) are observed. Therefore it is clear that thermophilic conditions increased the yield and efficiency of the anaerobic codigestion of SC-OFMSW with STP-FOGW.
Similar FOG wastes have been tested as a co-substrate with a mixture of primary and thickened sludge at both mesophilic and thermophilic ranges (Kabouris et al., 2009 ) also showing better results at 52°C. A slightly higher methane yield value was achieved in comparison to our results (512 mL g VS À1 added ), though it should be noticed that FOG was then 48% of the total VS load, which represents almost threefold the amount of STP-FOGW fed during Period II (15% of the total influent VS).
No significant differences were noticed in the VS reduction during Period II (73%), in comparison with Period I (70%). In contrast, FOG reduction increased significantly achieving 91%, a fact that can explain the remarkable improvement observed in the methane yield. These results seem to be in accordance with other co-digestion experiences dealing with similar organic substrates and lipids. For instance, Li et al. (2002) registered noticeable improvements in both biogas production and lipids removal in a thermophilic process, when increasing the proportion of salad oil and lard added to food waste (from 8% to 40% of the influent TS content), without significant variations in VS reduction values. Also Neves et al. (2009a) reported an increase in methane production without significant variations in VS reduction when adding oil pulses up to 12 g COD oil L À1 reactor to a mixture of cow manure and food waste at mesophilic temperature.
Nevertheless, unstable experiences/stages are also reported, where biogas production ultimately ceases and VFA and LCFA concentrations rise up. In a mesophilic experiment treating synthetic oleic-acid rich wastewater in a continuous reactor, Cavaleiro et al. (2009) observed total VFA around 1000 mg COD L À1 and total LCFA near 400 mg COD g VS À1 when reactor performance became unstable after the OLR was raised up to 31.2 kg COD m À3 d
À1
. In contrast, in a stable reactor performance, a maximum level of 25 g COD LCFA kg TS À1 was detected in solid effluent samples when pulses between 0 and 7.7 g COD oil L À1 reactor of oily wastes from a canned fish industry, were added to a mixture of cow manure and food waste. (Neves et al., 2009b) .
In our study, LCFA analyzed from solid effluent samples were very low in comparison with the aforementioned values related to reactor failures. During Period II, mean values of palmitic, oleic and stearic acids (3, 1.7, 0.8 mg g TS À1 , respectively) were very similar to the ones obtained in Period I, showing that there was no significant LCFA accumulation after STP-FOGW addition.
Finally, on day 168, the STP-FOGW:SC-OFMSW ratio was increased to reach 1:4 (VS:VS) and Period III started in order to evaluate the effect of higher amounts of STP-FOGW. As a result, HRT was established at 14 d, OLR was 5.3 kg VS m À3 d
, total FOG feed content raised to 24% (dry, w/w) and STP-FOGW meant 22% of influent TS (1:2 g VS STP-FOGW L À1 reactor ). Nevertheless, it should be noticed that Period III was not long enough, thus no mean values were calculated in order to characterize it and only the initial reactor's response could be evaluated. After the raise, a small enhancement in biogas production was noticed in comparison with Period II and VFA still remained under 0.5 g L À1 . Moreover, although FOG content in effluent samples was higher (10% on days 179 and 193), palmitic (again the main LCFA) and oleic acids were 2.1 and 1.3 mg g TS À1 respectively on day 193, remaining in the ranges obtained throughout previous periods. These preliminary results could be explained either because the addition was not high enough to affect biogas production and other process parameters, or because adaptation of microorganisms was this time slower or harder.
Microbial community
Structure and dynamic of the anaerobic consortia developed along the different operation periods (I, II and III) were analyzed by means of DGGE of amplified archaeal and bacterial 16S rDNA gene fragments. Representative archaeal and bacterial profiles obtained for the analyzed samples as well as the correspondent similar dendograms are shown in Fig. 2 . According to the displayed DGGE-fingerprints similarities, bacterial community was more affected by the STP-FOGW addition than the archaeal one. The obtained bacterial profiles clustered in two distinct groups, before and after the extended contact with STP-FOGW, while in the archaeal ones, the similarity percentages were close (ranging between 91.9% and 99.5%). These results indicate that archaeal populations remained fairly unchanged throughout operation whereas bacterial population structure exhibited a dynamic determined by the introduction of FOG residues in the reactor. The low diversity (measured in terms of DGGE bands) of archaeal community is in accordance with previous studies (Weiss et al., 2008) that describe a lower diversity in thermophilic when compared to mesophilic anaerobic reactors. In fact, a stable reactor performance was observed during the whole experiment, probably due to the development of an important consortium, acclimated to this type of complex residues.
A more detailed analysis of the microbial community structure developed in the co-digestion stage (SC-OFMSW with STP-FOGW) was further performed through cloning and sequencing of the 16S rDNA genes.
Archaeal community
The majority of archaeal 16S rRNA gene sequences retrieved (bands 1-3) showed high similarity to those of uncultured clones (99% similarity), belonging to the phylum Euryarchaeota and assigned to the orders Methanobacteriales, Methanomicrobiales and Methanosarcinales (Table 3) . These sequences could be affiliated to clones originated from a high temperature petroleum reservoir (Accession No. HM041912, unpublished) , from a thermophilic anaerobic municipal solid waste digester (Accession No. AB114304, Tang et al., 2004) and from a thermophilic anaerobic sludge digester (Accession No. GQ328818, unpublished) . These three archaeal clones exhibited also a high level of similarity (more than 97%) to sequences of cultivated species of Methanobacterium (Methanobacterium sp. OM15), Methanoculleus (Methanoculleus sp. Dm2) and Methanosarcina (Methanosarcina sp. 2214B). The most intense band (band 4) exhibited 99% similarity to Methanothermobacter wolfeii, a thermophilic hydrogenotrophic methanogen. Although there are some evidences indicating the presence of some species of these genus in thermophilic anaerobic reactors (Hori et al., 2006) , to our knowledge this is the first work that describes the presence of Methanothermobacter wolfeii-like organisms in a thermophilic reactor co-digesting municipal solid wastes and fat, oil and grease wastes.
All species of Methanobacterium and Methanoculleus use H 2 and CO 2 as substrate for methanogenesis. They have been isolated from different sources, such as anaerobic digesters, sewage sludge, manure, among other sources. In fact, Methanobacterium sp. has been identified as an important genus in thermophilic anaerobic reactors treating glycerol-containing wastes (Yang et al., 2008) . The presence of members of the genus Methanoculleus in this study is also in agreement with other works where their presence has been described in some thermophilic reactors treating municipal solid wastes (Tang et al., 2004; Weiss et al., 2008) . Members of the genus Methanosarcina are able to convert acetate, CO 2 , H 2 , carbon monoxide and methanol to methane. Some of these species were already found in municipal solid waste reactors receiving a complex mixture of residues (Tang et al., 2004; Weiss et al., 2008) and in thermophilic anaerobic digesters fed with manure and pulses of LCFA (Palatsi et al., 2010) .
It should be noted that the genus Methanosaeta, which comprises acetoclastic methanogens that uses acetate as the only substrate, was not detected in this work. This absence has been previously reported in thermophilic anaerobic reactors (Tang et al., 2004) .
Interestingly, in a recent paper (Goberna et al., 2010 ) focusing on the co-fermentation of cattle excreta and olive mill wastes at mesophilic and thermophilic conditions, the authors described a burst of Methanobacterium, Methanoculleus, Methanothermobacter and a group of uncultured archaea at 55°C. The dominance of these groups in thermophilic conditions is in accordance with the results obtained in this work.
Bacterial community
Like archaeal clones, the majority of bacterial 16S rRNA gene sequences were similar to several uncultured ribotypes belonging to the phyla Firmicutes, Bacteroidetes, Synergistes and Thermotogae. These sequences assigned to the orders Clostridiales, Bacteroidales, Thermoanaerobacterales, Synergistia and Thermotogales (Table 3) . Interestingly, the majority of the sequences obtained matched with uncultured bacteria from the phylum Firmicutes. The members of this phylum are very versatile and participate in the degradation of several complex organic residues, such as lipids, carbohydrates and proteins. Based on these reports, the microorganisms of this phylum presumably have an important role in the degradation of this kind of residues in our system.
Looking at the bacterial DGGE profile (Fig. 2b) , three bands increased their intensity after the addition of STP-FOG, namely bands 5, 6 and 13. Clones corresponding to bands 5 and 13 presented high similarity to uncultured bacteria previously detected in thermophilic anaerobic bioreactors (Goberna et al., 2009; Li et al., unpublished results) . In addition, clone matching band 5 has 94% similarity with known cultured species, i.e. Clostridium ultunense. The Clostridiaceae family is, in fact, one of the most common bacterial families in the microbial community of anaerobic digesters. Thus, it is plausible to infer that organisms represented in these DGGE bands can be important in the co-digestion of the two types of wastes used in this work. The cloned sequence illustrated in band 6 presents 93% similarity to an isolated species belonging to phylum Firmicutes, order Thermoanaerobacteriales, Tepidanaerobacter syntrophicus. This is an anaerobic thermophilic, syntrophic primary alcohol-and lactate-degrading bacteria which was isolated from sludge of thermophilic digesters that decomposed either municipal solid wastes or sewage sludge (Sekiguchi et al., 2006) . The sequence from band 9 presented 97% similarity to Anaerobacterium mobile. This is an anaerobic, thermophilic, and slightly halotolerant bacterium converting organic acids and carbohydrates into acetate, hydrogen, and CO 2 (Menes and Muxí, 2002) . This species were already detected in thermophilic anaerobic digesters (Goberna et al., 2009; Palatsi et al., 2010) . Sequences matching bands 7 and 12 were very similar (99%) to those of uncultured bacteria; however, they exhibited a low similarity percentage to known isolated species. In particular, the sequence corresponding to DGGE band 12 presented a low similarity percentage (only 88%) with Ruminobacillus xylanolyticus, a species isolated from rumen. Until now, these species were not found in thermophilic anaerobic reactors. There is only one work where one sequence could be assigned to a closely related species, i.e. Ruminofilibacter xylanolyticum which is a rumen bacterium involved in digestion of xylan (Kröber et al., 2009) .
Interestingly, with the single exception of Tepidanaerobacter syntrophicus, no other syntrophic bacteria typically associated to anaerobic degradation of lipid-rich wastes, was detected in this study. It should be noticed, however, that some weak bands observed on the DGGE profile, not found in the screened clone library thus hindering further phylogenetic assignment, may represent other bacterial species, present in lower numbers, or with lower PCR amplification efficiency.
Although there are some bands corresponding to isolated and well known species, the majority of the bacterial sequences obtained showed high similarity to uncultured anaerobic clones. This is probably related to the lack of knowledge regarding bacterial species in thermophilic reactors co-treating complex residues.
Conclusions
This study demonstrates that co-digestion of OFMSW with STP-FOGW is a feasible and advantageous treatment option for both wastes. An enhancement of 52% in biogas production (from 11 to 17 L d À1 ), as well as an increase of 36% in methane yield (Wang et al., 2007) .
(from 0.36 to 0.49 L CH 4 g VS À1 added ) were observed as a result of STP-FOGW addition. No symptoms of inhibition such as VFA accumulation or decrease in biogas production were observed after feeding STP-FOGW to the reactor. Archaeal community structure remained relatively unchanged along operation whereas bacterial community structure had a dynamic change mainly determined by FOG addition.
